The human opportunistic pathogen Serratia marcescens is a bacterium with a broad host range, and represents a growing problem for public health. Serratia marcescens kills Caenorhabditis elegans after colonizing the nematode's intestine. We used C.elegans to screen a bank of transposon-induced S.marcescens mutants and isolated 23 clones with an attenuated virulence. Nine of the selected bacterial clones also showed a reduced virulence in an insect model of infection. Of these, three exhibited a reduced cytotoxicity in vitro, and among them one was also markedly attenuated in its virulence in a murine lung infection model. For 21 of the 23 mutants, the transposon insertion site was identi®ed. This revealed that among the genes necessary for full in vivo virulence are those that function in lipopolysaccharide (LPS) biosynthesis, iron uptake and hemolysin production. Using this system we also identi®ed novel conserved virulence factors required for Pseudomonas aeruginosa pathogenicity. This study extends the utility of C.elegans as an in vivo model for the study of bacterial virulence and advances the molecular understanding of S.marcescens pathogenicity. Keywords: Caenorhabditis elegans/cytotoxicity/ insertional mutagenesis/iron transport/LPS
Introduction
There is a continuing need to characterize the strategies used by bacterial pathogens during infection. This has been highlighted in recent times by the increase in resistance to multiple antibiotics of certain bacteria, and by the use of pathogens as biowarfare agents. Since certain virulence factors are necessary for full pathogenicity regardless of the host, one approach to the study of the interaction between pathogen and host is the use of simple model systems. It has been clearly demonstrated that the nematode Caenorhabditis elegans is an appropriate model host for the study of the virulence mechanisms deployed by the human opportunistic pathogen Pseudomonas aeruginosa (reviewed in Tan and Ausubel, 2000) . The use of C.elegans for such studies has now been extended to a range of Gram-positive and Gram-negative bacteria (reviewed in Aballay and Ausubel, 2002; Ewbank, 2002) , including the potential biowarfare agents Burkholderia pseudomallei (O'Quinn et al., 2001; Gan et al., 2002) and Yersinia pestis (Darby et al., 2002) .
Serratia marcescens is a Gram-negative bacterium that causes disease in plants and in a wide range of both invertebrate and vertebrate hosts (Grimont and Grimont, 1978) . It is an opportunistic human pathogen and in the last three decades there has been a steady increase in nosocomial S.marcescens infections that can be lifethreatening (Haddy et al., 1996; Hejazi and Falkiner, 1997 ; and references cited therein). While environmental S.marcescens strains are often red, due to the production of prodigiosin (Thomson et al., 2000) , the strains associated with hospital outbreaks are mostly non-pigmented (Hejazi and Falkiner, 1997; Carbonell et al., 2000) . As many S.marcescens strains are also resistant to multiple antibiotics (Hejazi and Falkiner, 1997; Alexandrakis et al., 2000) , it represents a growing problem for public health. However, relatively little is known about the factors that contribute to S.marcescens pathogenesis within its host (Hejazi and Falkiner, 1997) .
Serratia marcescens is capable of killing C.elegans following the establishment of an intestinal infection (Mallo et al., 2002) . We have characterized this interaction and used C.elegans to screen a bank of S.marcescens mutants. We isolated bacterial clones with a reduced virulence against the nematode. Some of them were also attenuated in their pathogenicity in two other infection models. Three candidates were tested in a murine lung infection model, and one of them displayed a very marked reduction in its pathogenicity. To our knowledge, this represents the ®rst systematic study of S.marcescens virulence in vivo and has permitted the identi®cation of previously uncharacterized virulence factors. Further, using this S.marcescens±C.elegans model we have identi®ed conserved virulence factors also required for the full virulence of P.aeruginosa. C.elegans (Table I) . We chose the non-pigmented strain Db11 for further study, thereby eliminating any potential contribution of the pigment prodigiosin to the infectious process. This strain was ®rst described as a pathogen of Drosophila melanogaster (Flyg et al., 1980) . More recently it has been used as a model pathogen to investigate innate immunity in C.elegans (Pujol et al., 2001; Mallo et al., 2002) . The steps in the infection of worms by Db11 have been outlined (Mallo et al., 2002) and its repulsive effect on worms has previously been described (Pujol et al., 2001) . When wild-type (N2) worms were transferred as L4 larvae from the standard Escherichia coli strain OP50 to lawns of Db11 they became visibly sick after 2 days. They did not show any sign of starvation, but started to die 1 day later. All worms were dead after 7 days when grown on Db11 ( Figure 1A ).
Certain bacteria kill worms via toxin-mediated mechanisms (Aballay and Ausubel, 2002; Couillault and Ewbank, 2002; Ewbank, 2002) . To address this possibility, L4 worms were transferred to heat-killed Db11 in the presence or absence of supernatants from saturated Db11 cultures. In these cases, the worms did not appear sick and their survival was at least as long as that of worms fed on OP50 ( Figure 1A ). This suggests that live bacteria are needed for the infection and that a stable toxin does not mediate the killing of the worm. To establish whether a permanent contact was necessary for bacterially mediated killing, worms were transferred to Db11 at the L4 stage, allowed to feed for a ®xed time and then surface-sterilized and returned to OP50. A contact of 30 h was suf®cient to give survival curves that were indistinguishable from those obtained when worms were in constant contact with Db11 (data not shown). With shorter periods of contact, worms died much faster than control worms that were kept on E.coli, but the time course of the infection was longer than that for worms kept permanently in contact with Db11 ( Figure 1B ). Older worms were more susceptible to infection and the latency period before the ®rst observed deaths was diminished as a function of the age of the worms, presumably re¯ecting a decrease in the antibacterial capabilities of older worms. Conversely, the early larval stages of C.elegans were resistant to Db11 ( Figure 1C and see below) .
To follow the fate of the bacteria upon ingestion by the worm, we used strains of E.coli OP50 and S.marcescens Db11 that express the green¯uorescent protein (GFP).
Db11-GFP is as virulent as Db11 with regard to the killing of C.elegans (data not shown). When L4 worms are placed on OP50-GFP, intact bacteria are not found in the intestine, as they are broken down by the grinder located a Mean survival time T SD in days for N2 worms infected at the L4 stage at 25°C. The total number of worms used in two independent tests is given in parentheses. Under these conditions, the mean post-L4 survival time for worms cultivated on E.coli OP50 is 12.6 T 1 (n = 88). in the terminal bulb of the pharynx (Figure 2A and B) (Labrousse et al., 2000) . On the other hand, when worms were transferred to Db11-GFP at the L4 stage, after as little as 2 h of contact, intact bacteria were seen to accumulate in the lumen of the intestine ( Figure 2C and D). If, however, L4 worms were fed brie¯y on Db11 before being transferred to OP50-GFP, intact¯uorescent bacteria were able to pass the grinder ( Figure 2E and F). This indicates that Db11 is capable of disrupting the function of the grinder. In contrast with L4 worms, no intact bacteria were observed in the intestines of earlier larval stages fed with Db11-GFP even for periods of several hours (data not shown). This suggests that the resistance of pre-L4 larvae to Db11 ( Figure 1C ) is most likely due to the incapacity of the bacteria to enter the intestinal lumen. After 24 h of contact with Db11-GFP, the intestinal lumen appeared distended and full of¯uorescent bacteria that remained extracellular during the infection. They were restricted to the intestinal lumen, except on rare occasions when bacteria were observed in the uterus between eggs. The increase in volume of the lumen was concurrent with exponential bacterial growth (see Supplementary data, available at http://www.ciml.univ-mrs.fr/EWBANK_ jonathan/SuppMat/Screen/Kurz.html). Apart from this progressive distension of the intestinal lumen, outwardly, worms showed relatively little sign of infection for the ®rst 24 h. The muscular contractions usually associated with feeding and defecation continued and their rate of egglaying was normal (Mallo et al., 2002) . In clear contrast with worms grown on OP50 ( Figure 3A) , there was then a progressive vacuolation of the intestinal cells ( Figure 3C) accompanied by a decrease in the volume of the worm's intestinal epithelium. After infection with Db11 for 3 days, there was also an accumulation within the lumen of auto¯uorescent vesicles that appeared to be derived from the intestinal epithelium ( Figure 3B ). Similar vesicles were observed in worms after 5 days of contact with Salmonella typhimurium (C.L.Kurz, unpublished observations). The size and number of these vesicles, which moved in the lumen as the intestine contracted, increased to such a degree that defecation became impaired. The other tissues, including the germ-line, were also gradually destroyed ( Figure 3B ) before the worms died.
Isolation of Db11 mutants with a reduced virulence against C.elegans Having characterized the infection of C.elegans by Db11, we designed a screen to identify bacterial mutants with a reduced virulence. Given that wild-type worms infected by Db11 are able to lay eggs and these eggs hatch to give larvae that are resistant to Db11, we decided to use the mutant worm strain fer-15 that is conditionally sterile at 25°C to avoid the potential confusion between generations. The time course of survival of fer-15 on Db11 is essentially identical with that of wild-type worms (see Supplementary data). Therefore we individually screened clones from a S.marcescens Db11 mini-Tn5Cm insertion library for mutants that supported the growth and survival of fer-15 worms beyond the time observed for Db11 (see Supplementary data). From 2300 bacterial clones tested, 23 attenuated mutants were selected for further study. Each contained a single transposon insertion (see Supplementary data). To determine whether the observed attenuation in virulence was due to a problem of general metabolism and/or growth, or was the result of the disruption of the function of a virulence gene, we followed the growth of each clone in Luria broth (LB) at 25°C and 37°C. No major difference in replication rate between mutant and parental strains was observed during exponential growth. However, two clones, 8E11 and 18D4, grew more slowly on LB agar plates (data not shown). The different mutants were then individually tested for their pathogenicity during the infection of N2 worms and were classed into three categories: weakly attenuated, , with Db11-GFP for 2 h (C and D) and with Db11 for 2 h followed by brief washing and feeding with OP50-GFP for 5 min (E and F). In (A), intact bacteria (indicated by white arrows) can only be seen in the pharyngeal isthmus anterior to the terminal bulb and the grinder (indicated by the asterisk). In (C), intact Db11-GFP are in the intestinal lumen. In (E), intact OP50-GFP can freely pass the grinder after the short contact with Db11 and are found intact in the intestinal lumen. In all cases the head of the worm is to the left; scale bar, 10 mm. attenuated and strongly attenuated ( Figure 4 ; Table II ).
With the exception of 10E5, all mutants supported the growth and survival of N2 worms beyond 7 days, something that was never seen with Db11 (n > 5000). Worms grown on the most strongly attenuated clone, 20C2, lived roughly twice as long as worms on Db11 (Figure 4 ). In the case of 10E5, a statistically signi®cant reduction of virulence was only observed during the infection of the fer-15 strain (see Supplementary data).
Certain mutants exhibit reduced virulence in other infection models To determine whether the bacterial genes necessary for full virulence during the natural infection of C.elegans were also necessary for pathogenesis in other hosts, the selected mutants were individually tested in a D.melanogaster infection model. At 20°C, almost all ies died within 24 h following injection of 50±100 Db11 bacteria into the thorax ( Figure 5A ). Nine of the 23 mutants showed a clear and reproducible reduction of their virulence in this insect model. This shows that certain factors are necessary for the full virulence of Db11 during infection of both the nematode and the¯y, despite the different modes of infection (ingestion versus injection). Of the nine mutants, 20C2, 21C1 and 21C4 showed the strongest attenuation of virulence ( Figure 5A ; Supplementary data).
Serratia marcescens has previously been shown to possess a strong cytotoxic effect in vitro against several cell types (Poole et al., 1988; Carbonell et al., 1997; Hertle et al., 1999) and is also associated with nosocomial lung infections (Haddy et al., 1996) . Therefore we tested the cytotoxicity of Db11 and of the 23 mutants against a human polarized pulmonary epithelial cell-line (16HBE14o ± ). In this test, the bacteria are in direct contact with the target cells. Three of the mutants, 10H1, 20C2 and 21C4, showed a strong attenuation of their cytotoxic effect in vitro compared with Db11 ( Figure 5B ). These three mutants, which also showed a reduced virulence in D.melanogaster, were then tested in vivo in a murine lung infection model. The mutant 21C4 showed a marked reduction in its pathogenicity (p < 0.0013) ( Figure 5C ), while 10H1 and 20C2 were at least as virulent as Db11 (data not shown). 
Iron transport 21C4 ± ± ± ± ± ± ± ± shlB S.marcescens (AAA50322) na Hemolysin production 20C2 ± ± ± ± ± ± ± ± wzm homologue E.coli (BAA28324) 1e-115 LPS biosynthesis wt, wild type; ±, weakly attenuated; ± ±, attenuated; ± ± ±, strongly attenuated; na, not applicable. a N2 worms except for 10E5, for which fer-15 worms were used. b Expected value of BLASTX; see Supplementary data for details. data) .
Based on the site of transposon insertion, the three mutants 10H1, 20C2 and 21C4 were predicted to be affected in iron uptake, lipopolysaccharide (LPS) biosynthesis or hemolysin production, respectively. For 10H1, the gene downstream of the transposon insertion site potentially encodes a VibC/EntC homologue. These proteins are involved in the biosynthesis of the siderophores vibriobactin and enterobactin necessary for iron uptake in Vibrio cholerae (Wyckoff et al., 2001 ) and E.coli (Nahlik et al., 1987) , respectively. As judged by chrome azurol S tests (Schwyn and Neilands, 1987) , the mutant 10H1 produced less siderophore compared with Db11 (E.Pradel, personal communication). Increasing the iron concentration in the culture medium had no effect on either the survival of worms grown on OP50 or the virulence of Db11 (data not shown), but increased the rate of killing of C.elegans by 10H1. At 25°C, the difference was marginal (data not shown). We have observed that at 20°C the time course of infection of C.elegans with S.marcescens is slower than at 25°C, and that this can help accentuate differences in survival between different worm strains on the same bacterial strain or between the same worm strain on different bacteria (C.L.Kurz, unpublished results). Therefore the effect of increasing the iron concentration was also assayed at 20°C. At this temperature, the augmentation of the virulence of 10H1 was signi®cant (p < 0.014) (Figure 6 ). Taken together, these results con®rm that the mutant is defective in its capacity to capture iron. The mutant 20C2, the most attenuated in the nematode,¯y and cell models (Figures 4 and 5B ; Supplementary data), contains an insertion in a homologue of wzm that codes for the membrane component of an ABC-2 transporter specialized in the translocation of LPS O-antigen (Sugiyama et al., 1998) . Consistent with this, analysis of the 20C2 LPS by Tricine±SDS±PAGE revealed the absence of O-antigen. A derivative of Db11, Db1140 (Flyg and Xanthopoulos, 1983) , also lacked O-antigen, as previously predicted (Pujol et al., 2001) , in contrast with the other mutants (Figure 7 ; data not shown). In 21C4, the transposon is inserted 61 bp upstream of the initiation codon of shlB, the ®rst gene of the shlBA operon. ShlA is a well characterized virulence factor of S.marcescens involved in cytotoxicity (e.g. Poole and Braun, 1988a,b; Hertle, 2002) .
Regarding the other mutants, for 8E2, 10H4 and 7D1/ 22D9 absolutely no information is available regarding the function of the corresponding homologous proteins. For 23E6, the gene downstream of the insertion site is a homologue of the E.coli yjcE gene which encodes a presumed Na + ±H + exchanger (but see Verkhovskaya et al., Multi-host screen for S.marcescens virulence genes 2001). For 7A8, the disrupted gene potentially encodes a DJ-1/PfpI domain-containing protein. This domain is common to a variety of protein families, including proteases and transcriptional regulators. For 7F1, the corresponding protein contains an amino oxidase domain. In the case of 21C1, the homologous protein contains an ATPase domain. For the remainder, a putative function could be assigned based on sequence comparisons (Table II ; Supplementary data).
In the clone 8G1, a gene that encodes a homologue of the two-component system sensor BaeS of Xanthomonas axonopodis is disrupted. Two-component signal transduction systems regulate the expression of multiple genes in response to the environment and are known virulence factors in many pathogenic bacteria (Hoch, 2000) . 8H1 contains an insertion upstream of a homologue of mgtB that encodes a highly conserved putative Mg 2+ transport ATPase (see below). In 10E5, the transposon insertion is in a gene coding for a homologue of a TonB-dependent ferrisiderophore receptor and would be predicted to have a defect in iron uptake, as for 10H1. However, the difference in survival of worms on Db11 and 10E5 was small and precluded statistically signi®cant tests of the rescuing capacity of exogenous iron.
Clone 22D4 contains a transposon inserted within a homologue of the chaperone gene ibpB. In E.coli, IbpB has been shown to protect enzymes from inactivation by heat and oxidants (Kitagawa et al., 2002) . In Db11, it could serve to protect the bacteria during their growth in the intestine. 18F3 has an insertion in a homologue of the gene wbeiT of Edwardsiella ictaluri that encodes a UDPglucose-4-epimerase and is within an O-antigen biosynthesis gene cluster (see DDBJ/EMBL/GenBank accession No. 16648662). No difference in LPS structure was observed in Tricine±SDS±PAGE analysis between 18F3 and Db11 (Figure 7) , but, as this method can only detect major changes in LPS structure, we cannot exclude the possibility that 18F3 has a defect in its LPS. Lastly, 7E7 has an insertion in a clear homologue of galR of Y.pestis encoding the repressor of the gal operon, but there is no obvious link between this insertion and the observed reduced virulence of the mutant.
Interspecies conservation of virulence genes
Seven of the 12 S.marcescens disrupted loci conserved in other bacterial species have homologues in P.aeruginosa. The infection of C.elegans by P.aeruginosa is currently the best characterized nematode infection model (Tan and Ausubel, 2000; Aballay and Ausubel, 2002) . We inactivated two of these homologous genes in the P.aeruginosa strain PA14 by targeted gene disruption to determine whether they encoded virulence factors. We chose the gene PA3713 of unknown function, corresponding to 7F1, and PA0151, corresponding to 10E5 and thus encoding a ferrisiderophore receptor, as mentioned above. During infection of worms, a signi®cant reduction in virulence was observed at 20 and 25°C for both mutants compared with PA14 (Figure 8 ; data not shown). Neither gene had previously been identi®ed as being required for full virulence in PA14.
Discussion
By performing a large-scale screen for mutants with a reduced virulence during the infection of C.elegans, we have identi®ed factors that contribute to the pathogenicity of the S.marcescens strain Db11 in a range of different infection models. Given the nature of the transposon used to generate the mutants (de Lorenzo et al., 1990) , the observed attenuation could be linked to the disruption of a single gene or, in the case of an insertion within an operon, could be due to a polar effect on the expression of downstream genes. Because this study involved a relatively large number of mutants, and since the genome sequence of S.marcescens was not available, we were not able to demonstrate directly for each mutant that the single mini-Tn5 Cm insertion provokes the attenuation. Nevertheless, in a number of cases there is a clear link between the molecular lesion and the inferred function of the disrupted gene. In the case of 21C4, the transposon is inserted within the shlBA operon. ShlB is a speci®c outermembrane transporter and activator of the hemolysin ShlA (Ondraczek et al., 1992) . ShlA speci®cally interacts with eukaryotic membranes to create pores that lead to cell lysis (Schiebel and Braun, 1989) . As would be predicted, the mutant 21C4 has a reduced cytotoxicity ( Figure 5B ). The mutant 20C2 contains an insertion in a homologue of wzm that codes for an LPS transporter. It is a rough mutant, with a detectable difference in its LPS structure (Figure 7) . In many Gram-negative bacteria, including S.marcescens, LPS O-antigen plays an important role in both resistance to host defences and adherence (Palomar et al., 1993, 1995; Lerouge and Vanderleyden, 2002) . Additionally, the in vitro cytotoxic activity of S.marcescens smooth strains is higher than that of rough strains, perhaps due to the direct stabilization of hemolysin by interaction with the LPS O-chain (Poole and Braun, 1988a) , consistent with the observed difference in cytotoxicity between Db11 and 20C2 ( Figure 5B ). 10H1 contains a mini-Tn5 Cm insertion within a gene cluster homologous to the V.cholerae vibriobactin or E.coli enterobactin siderophore biosynthesis operon (Wyckoff et al., 2001) . Siderophores are an integral part of the iron-uptake mechanisms of diverse bacteria. Since this metal is present at only 10 ±9 M in the environment, they are a necessary complement to the capacity of bacteria to take up free iron by passive transport (Braun and Braun, 2002) . As predicted, the clone produced a reduced level of siderophores and its reduced virulence was rescued by the addition of iron to the medium ( Figure 6 ). Although iron is often a limiting factor for the growth and virulence of bacterial pathogens in vivo (Braun, 2001 ), this has not previously been demonstrated to be the case for S.marcescens. The locus disrupted in 10H1 (and in 10E5) is distinct from the molecularly characterized S.marcescens iron-uptake mechanisms (Angerer et al., 1992; Debarbieux and Wandersman, 2001) . For both 7F1 and 10E5, the targeted disruption of the homologous genes in P.aeruginosa PA14 resulted in a marked reduction of virulence (Figure 8 ). Taken together, these observations strongly support the notion that it is the identi®ed insertion that is causal for the attenuation in the virulence in the different S.marcescens mutants.
The identi®cation of S.marcescens virulence genes will contribute to a fuller understanding of the mechanisms that underlie the infection of the nematode by Db11 and by other bacterial pathogens, including PA14 as illustrated above. It may have a broader relevance as, for example, the locus disrupted in 8H1 is homologous to the S.typhimurium mgtCB locus which lies within a Salmonella pathogenicity island (SPI-3) and is necessary for full virulence during the infection of mice (BlancPotard et al., 1999) . A homologue for the gene disrupted in 7D1/22D9 has only been described for S.typhimurium and Y.pestis. Interestingly, in Db11 this gene appears to have undergone a local duplication, resulting in tandem copies (see Supplementary data). In many bacterial pathogens chromosomally encoded virulence factors are clustered. Comparisons with the genome sequences of other species suggest that the genes disrupted in 8E2, 8G1 and 20C2 may lie close together on the Db11 chromosome (see Supplementary data), conceivably within a pathogenicity island. The con®rmation of such a possibility must await the determination of the complete Db11 genome sequence (see http://www.sanger.ac.uk/Projects/S_marcescens/).
A previous screen using C.elegans led to the identi®-cation of eight P.aeruginosa PA14 genes necessary for full virulence (Tan et al., 1999) . Of these, ®ve encode regulators involved in quorum sensing and/or twocomponent signal transduction (e.g. GacA). In the current screen, only two of the 21 characterized mutants, 8G1 and 7E7, would appear to have a defect in a regulatory system, containing insertions within homologues of the twocomponent sensor baeS and of galR, the repressor of the gal operon, respectively. While neither screen is saturated, this may re¯ect the difference between the screening protocols. It could also re¯ect an intrinsic difference between the two bacterial species. For example, Db11 does not produce any detectable N-acyl homoserine lactone (G.Salmond, personal communication), the most frequent meditator of quorum sensing. The P.aeruginosa gene gacA has recently been shown to be essential for bio®lm formation (Parkins et al., 2001) . The formation of bio®lms by pathogens is often linked to their virulence during infection. Db11 is capable of forming bio®lms but, as no bio®lm-de®cient mutants were present in the bank screened (J.M.Ghigo, personal communication), we were unable to address the role of bio®lm formation in the infection and killing of C.elegans by S.marcescens.
Biochemical assays of lipase and protease activities, factors known to contribute to virulence (Hejazi and Falkiner, 1997) , revealed that the mutants were indistinguishable from the wild-type strain (data not shown). Thus, as previously noted for PA14 (Tan et al., 1999) , screening uniquely on the basis of a defect in such known pathogenicity-related factors would not have identi®ed the mutants described here, emphasizing the utility of in vivo screening. Finally, we showed that the hemolysin operon previously found to be necessary for the colonization of the rat urinary tract (Marre et al., 1989) is also required for the full virulence of S.marcescens during a clinically relevant murine lung infection model. This clearly demonstrates the utility of the C.elegans±Db11 model for the identi®cation of S.marcescens virulence factors important for the infection of a broad range of hosts.
Materials and methods

Strains and media
The S.marcescens strains Db11 and Db1140 were originally isolated by H.Boman (Flyg et al., 1980; Flyg and Xanthopoulos, 1983) . Strain 2170 (Suzuki et al., 2001) was obtained from T.Watanabe (Niigata, Japan), ATCC 274 (Rius et al., 1994) , Sma 3, Sma 12 and Sma 13 (1047, 3888 and 0028, respectively, in the collection of H.Auken) were obtained from G.Salmond (Cambridge, UK) and SM365 [also known as W225 (V.Braun, personal communication)] was a gift from L.Debarbieux (Paris, France). The strain Db11-GFP was obtained by conjugation with XL-1 Blue (Stratagene) carrying the plasmid pUFR-GFP (a gift from Dr W.Deng, University of British Columbia). Pseudomonas aeruginosa PA14 (Rahme et al., 1995) was a gift from M.W.Tan (Stanford, CA), E.coli OP50 was obtained from the Caenorhabditis Genetic Center (CGC); its¯uorescent derivative OP50-GFP is described elsewhere (Labrousse et al., 2000) . The complete medium for bacterial culture and maintenance was LB with appropriate antibiotics when required.
The wild-type N2 (Bristol) strain and the conditional sterile fer-15(b26) II were obtained from the CGC. They were cultured as described previously (Sulston and Hodgkin, 1988) .
Construction of insertional S.marcescens Db11 mutants by conjugation Both donor (E.coli S17±1 lpir/pUT-Cm) and recipient (S.marcescens Db11; Tet R , Kan R , Sm R ) were grown overnight at 37°C in LB (in the presence of chloramphenicol for the donor strain). One millilitre of each culture was centrifuged and pellets were washed twice in LB and resuspended in 1 ml of LB. One hundred microlitres of each resuspended culture was mixed together, spread onto a nitrocellulose ®lter on an LB agar plate and incubated for 6 h at 37°C. Bacteria were scraped off the ®lter in 1 ml phosphate-buffered saline (PBS). Dilutions of 10 ±2 and 10 ±3 were plated onto LB agar supplemented with 10 mg/ml Tet (to kill the donor strain) and 30 mg/ml Cm (to select the transconjugants) and were incubated for 48 h at 30°C. Two thousand Cm R clones were retrieved, pooled and frozen down in 10% glycerol±LB. The library was stored at ±80°C.
Caenorhabditis elegans screen
The pooled bank of 2000 Cm R clones was replated and 2300 clones were picked. Individual Db11 mini-Tn5 Cm mutants were inoculated into 200 ml of LB medium in 96-well plates (supplemented with 30 mg/ml Cm) and incubated for 8 h at 37°C. Fifty microlitres of each culture was spread on NGM agar previously deposited into 24-well plates and incubated for 12 h at 37°C. After 1 h at room temperature, each well was seeded with 100 L1 stage hermaphrodite fer-15 worms. Plates were incubated at 25°C and examined for live worms each day. In the control plates inoculated with the parental strain Db11, all the worms were dead after 8±10 days. Each clone was tested four times in a preliminary screen. Among the 2300 clones tested in this way, 11 were clearly attenuated in their virulence as they supported the growth and survival of worms for at least 15 days. A further 119 clones were judged as potentially attenuated, as they supported the growth of at least one individual worm for a minimum of 13 days in at least one test. These 119 clones were subjected to a second round of screening during which each was again tested four times. Those that supported the growth and survival of worms for at least 13 days (in at least one test) or for 12 days (in at least two experiments), or those for which from the four independent trials the sum of [maximal survival (days)Ð10 days] was greater than 3 days were selected (a total of a further 12 clones; see Supplementary data). The survival of worms on each of the 23 chosen clones was then measured to determine the precise time course of infection.
Caenorhabditis elegans killing assay Assays of S.marcescens killing were performed as previously described (Pujol et al., 2001) . Brie¯y, ®ve 60 mm NGM plates were inoculated with a drop of an overnight culture of Db11, or a speci®c clone, and incubated at 37°C for 8±10 h. Plates were allowed to cool to room temperature and seeded with L4 stage hermaphrodite N2 worms (10 per plate). Plates were then incubated at 25°C and scored each day for live worms. At least two replicates were performed for each selected clone. Worms were transferred to new plates each day. A worm was considered dead when it no longer responded to touch. Worms that died as a result of becoming stuck to the wall of the plate were excluded from the analysis. To study the in¯uence of worm age on the infection by Db11, worms were cultivated on OP50 for different lengths of time before transfer to Db11.
Assaying the pathogenicity associated with dead bacteria Bacteria were grown overnight in LB at 37°C. The culture was centrifuged for 15 min at 6000 r.p.m. and the supernatant was passed through 0.22 mm ®lters (Millipore). When required, the bacteria in the cell pellet were killed by heating at 70°C for 30 min. NGM plates were inoculated with a drop of the cell pellet resuspended either at the original cell density in the case of the live bacteria or at 10 times the original density for the heat-killed bacteria.
Shifting experiments L4 hermaphrodite N2 worms grown on OP50 were transferred to Db11 plates. At selected times, worms were washed once with Thimerosal (Sigma; 0.1% w/v in M9) to kill the bacteria adhering to the surface and then three times in M9 buffer. Worms were then transferred to plates containing either OP50 or Db11. Worm mortality was scored as described above. To determine the effect of Db11 upon the grinder of the nematode, L4 hermaphrodite N2 worms were deposited on NGM plates containing Db11 and allowed to feed at 25°C for 1±4 h. Then they were transferred to NGM plates without bacteria for 15 min and deposited on plates containing OP50-GFP for 5 min. Finally, they were harvested and deposited in a drop of M9 on a 2% agar pad and observed using ā uorescent videomicroscope (DMIRBE, Leica).
Drosophila strain and infections
Cinnabar brown¯ies were reared on a standard cornmeal medium. For infections, overnight S.marcescens cultures were diluted and grown in LB medium to an OD (595 nm) of 0.8. The culture was then diluted 1:100 in LB and kept on ice. A pulled glass needle was ®lled with this bacterial suspension. Next, 4.6 nl of the diluted suspension, corresponding to 50±100 bacteria, were injected into the thorax of each¯y using a Nanoject II injector (Drummond). As a control, 4.6 nl of the bacterial suspension was injected into a drop of LB, plated on LB agar plates and counted after overnight incubation at 37°C. In each experiment, batches of at least 20 females were injected. Flies that did not recover from the injection procedure were discarded. The viability of the¯ies was assessed at 20°C over a period of at least 24 h. In all experiments, Db11 was injected as a positive control; LB was injected in one batch of¯ies as a negative control. Each clone was tested at least twice.
Cellular cytotoxicity assay
Immortalized human bronchial epithelial cells (16HBE14o±) (Cozens et al., 1994) were seeded at 10 4 cells/well in 10 ml of MEM supplemented with 5% fetal calf serum and antibiotics in 96-well plates and incubated for 16 h at 37°C. The MEM was then replaced with RPMI 1640 medium without antibiotics, fetal calf serum or phenol red but with 25 mM HEPES, and incubated at 37°C for 4 h before infection. Bacteria were cultivated overnight with appropriate antibiotics and then seeded in fresh LB. When they were in exponential phase, the bacteria were pelleted, washed, resuspended in RPMI 1640 and added to the cultured 16HBE14o± cells at a multiplicity of infection of 20. After 2 h, the cytotoxicity was determined by measuring the release of the cytosolic enzyme lactate dehydrogenase (LDH) into the medium using the Cytotoxicity Detection Kit (Roche). The cytotoxicity index was calculated as the ratio of the average experimental values obtained for each strain (less the values obtained without bacteria) to the value obtained for cells treated with 1% Triton X-100. Each strain was tested in triplicate in each experiment and experiments were repeated four times.
Murine respiratory tract infection
For intranasal infections, bacteria were grown for 16 h in LB medium, harvested and diluted in 0.01 M PBS pH 7.5. BALB/c mice (8±10 weeks old; Charles River, Germany) were anaesthetized with a mixture of ketamine hydrochloride and xylazine hydrochloride and subsequently inoculated with~2 Q 10 7 c.f.u. in 30 ml into both nostrils. Mortality of animals was monitored daily. All experiments were approved by the local authorities.
Molecular analysis of mini-Tn5 Cm mutants
Genomic DNA from each clone was prepared using the Nucleospin kit (Macherey±Nagel) or with the standard chloroform±isoamyl alcohol extraction technique. This DNA was digested with PstI (which does not cut the transposon) and the fragments were cloned into pSP72 (Promega). XL-1 Blue cells were thermotransformed with the product of the ligation and selected at 37°C on LB agar Cm (30 mg/ml), and the recombinant plasmids were puri®ed by WizardPrep (Promega). The genomic fragments were partially sequenced using primers JEP 131 (5¢-CGA ACT TGT GTA TAA GAG TCA G-3¢) and JEP 132 (5¢-CTA GGC GGC CAG ATC TGA TCA A-3¢). Sequences were analysed using the BLAST suite of programs (Altschul et al., 1990) at GenBank (http:// www.ncbi.nlm.nih.gov/BLAST/).
LPS analysis
Extracts of bacteria were prepared as described (Coyne et al., 1994) . The samples were analysed by Tricine±SDS±PAGE gel (Scha Ègger and von Jagow, 1987) and the LPS was silver stained (Tsai and Frasch, 1982) .
Construction of the P.aeruginosa PA14 mutants M151 and M3713 Internal DNA fragments from PA0151 and PA3713 genes were PCR ampli®ed using the oligonucleotide pairs 151O1/151O2 (5¢-GCTA CCG CTT CAG CCA GGC TGC CGC-3¢/5¢-GTG GTC GGC GGT GGC GGT GAA ATT G-3¢) and 3713O1/3713O2 (5¢-CAG ATG GGC TGG GAG AAG AAG ACC T-3¢/5¢-AGC AGG TAG TCG CGG TAG CTG GTC T-3¢), respectively. The fragments were cloned into pCR2.1 (Invitrogen) yielding pCRM151 and pCRM3713, respectively. These plasmids, which do not replicate in P.aeruginosa, were introduced into PA14 by electroporation. The insertional mutants M151 and M3713 were selected on Pseudomonas isolation agar plates containing carbenicillin (500 mg/ml). The location of the plasmid insertion within the chromosome of the mutants was checked by PCR with appropriate oligonucleotide pairs [the universal or reverse M13 primers with V151 (5¢-AAA AGC GAC CGA CAC GAG CAA CCC-3¢) and V3713 (5¢-AGC AAT CTG TGA ACA TGG CTC CCC-3¢) for M151 and M3713, respectively].
Statistical analysis
One-sided rank log tests [within the PRISM (Graphpad) software package] were used to assess the similarity between two groups. Values of p < 0.05 were considered statistically signi®cant. The mean lifespan was calculated using Microsoft Excel.
DDBJ/EMBL/GenBank accession numbers
The sequences derived from the mutants, with the exception of 21C4, have been deposited in the DDBJ/EMBL/GenBank database with the accession Nos AJ549760±AJ549799.
Supplementary data
Supplementary data are available at http://www.ciml.univ-mrs.fr/ EWBANK_jonathan/SuppMat/Screen/Kurz.html.
